EXAFS measurements around the Ge-K edge have been carried out for liquid Ge-Si alloys for the first time to investigate the local strucure around a Ge atom. To perform the EXAFS measurements for the liquid alloys with high melting temperatures, a new sapphire cell have been developed. The measurements were carried out for the liquid alloys from 10% to 60% of Si and the crystalline ones from 10% to 70% of Si as a reference. EXAFS oscillations, x´kµ, are observed even at 1480 AE C for liquid Ge0 4Si0 6. The position of the first peak in the radial distribution function obtained from Fourier transform of x´kµ is shifted towards smaller distance for liquid and crystalline alloys with increasing Si concentration. The results of a curve-fit analysis in a harmonic approximation show that Ge-Ge and Ge-Si bonds in the liquid alloys become long with increasing Si concentration while those become slightly short in the crystaline ones.
Introduction
Recent electronics is greatly advanced by utilizing various properties of semiconducting compounds. To research and develope them, structural information at atomic level is quite important. Traditional diffraction measurements give information on the average structure and it is known that the lattice constant of many compounds varies according to Vegard's law. However it is difficult to extract information on partial structure from the diffraction measurements in general. EXAFS spectroscopy has an advantage that it observes the partial structure around a selected atom directly for crystalline and amorphous materials. Since the structural study on random solid solutions of Ga-In-As by Mikkelsen, Jr. and Boyce (1983) , many compounds including III-V and II-VI compounds were investigated by means of EXAFS and the results suggest that the covalent bonds in the compound have the lengths almost keeping each atomic radii though the lengths have slight concentration dependence.
Ge and Si are fundamental elements for electronics and their properties are well known. Ge and Si are miscible in the liquid state and the alloys form random solid solutions in the entire concentration region. The lattice constant of the alloys is known to obey Vegard's law (Hansen, 1958) . Kajiyama et al (1992) measured EXAFS for crystalline Ge-Si alloys about the Ge-K absorption edge to investigate the bond-length relaxation in the solid solution. Their results show little composition dependence of Ge-Ge and Ge-Si bond lengths compared to those in III-V and II-VI compounds. Mousseau and Thorpe (1993) have discussed the EXAFS results based on a topological rigidity model. In the model, when the network of the bonds is floppy, each bond keeps its own natural length. To introduce such extreme case in the alloy, they pointed out the possibility of a large density of planar cracks in the sample of Kajiyama et al. EXAFS results carried out by Aldrich et al (1994) show a slight composition dependence of the Ge-Ge bond expected by the topological rigidity model.
When Ge and Si are melted, their dc conductivities increase up to 10 4 (Ω¡cm) 1 and undergo semiconductor-metal transition on melting. Recent neutron diffraction measurements for liquid (l-) Ge confirm that the coordination number of about 6 as the nearest neighbors is much smaller than that of typical liquid metals (Salmon, 1988) . Ab initio molecular dynamics simulations for l-Si (Stich et al, 1991) and l-Ge (Kresse & Hafner, 1994) were carried out to investigate the semiconductor-metal transition on melting. Their results suggest that covalent bonds remain in the liquid and it keeps open structure compared to the closed packing of liquid metals.
EXAFS results of Ge fine droplets in carbon powder up to 1340 AE C have first reported by Filipponi and Di Cicco (1995) . They analyzed the data using the pair distribution function deduced from the diffraction measuremets and obtained information on the local structure of l-Ge. However their sample is not bulky l-Ge. It is interesting to study whether the spectra of bulky sample is the same as their fine droplets. This prompts us to measure EXAFS of l-Ge using our own method. In addition, when Ge and Si are mixed, the covalent bonds are expected to be modified by the effects such as charge transfer, which may be contrasted with the unusual results of crystalline alloys. In this article the first results of EXAFS measurements for l-Ge-Si alloys are presented together with crystalline ones as a reference.
Experimental procedure
The EXAFS measurements were carried out using the spectrometer installed at BL10B at Photon Factory. A Si (311) channelcut monochromator was used for the measurements on Ge-K absorption edges. The X-ray intensities before and after transmission were measured using ionization chambers with flowing N2 and N285%Ar15% gases, respectively. Sample cells made of polycrystalline sapphire were newly designed for materials with the melting points higher than 1200 AE C. Figure 1 shows the cell and the heating assemblys. The sample reservoir is located above the sample space with 40 m in thickness and these are heated by the Mo heater. The temperature is measured by two PtRh6%-PtRh30% thermocouples. Ge-Si alloys (99.999 %) were prepared by Rare Metallic Co. Ltd. The measurements of l-Ge1 xSix were performed from temperatures about 50 degree higher than the melting points to 1480 AE C at the maximum. Those of the crystalline powder were measured at room temperature as references. The spectrum of l-Ge0 5Si0 5 is noisy because the sample is about half thinner than the best thickness. With increasing Si concentration, x, the amplitude of the oscillations in smaller k region becomes small up to x 0 4 and becomes large in x 0 5. This behavior will show the interference effect between Ge-Ge and Ge-Si bonds and it suggests that Si atoms around a central Ge atom increases with increasing x. Fig. 2 . There remains the first peak at around 2.1Å in l-Ge and the position is shifted to smaller r with increasing temperature. The peak position is shifted to smaller r with increasing x. There appears the second peak around 3Å in Ge-rich region. The larger second peak in l-Ge0 5Si0 5 will come from the large noise in the ´kµ.
Results

Discussion
It is known that the analysis on the assumption of a Gaussian distribution function is not proper for the sysytem with large diorder. However it is not easy to analyze our data taking account of anharmonicity because of binary alloys. To obtain partial structure parameters around a central Ge atom for l-Ge1 x Six alloys at the first step, we carried out a curve fit analysis using the following formula based on the Gaussian model.
Figure 3
F´rµ obtained from Fourier transform k ´kµ, of l-Ge 1 x Six alloys shown in Fig. 2 . ki Ô k 2 ∆E0i 3 81
( 2) where Bi´kiµ, i´kiµ, i´kiµ are the backscattering amplitude multiplied by a reduction factor, the photoelectron mean free path and the scattering phase shift, respectively, which are given by the FEFF software (Rehr, 1991) . Here the suffixes of 1 and 2 denote Ge-Ge and Ge-Si pairs, respectively. ∆E0i is a variable parameter adjusting the experimentally and theoretically determined threshold energy. The total coordination number of a central Ge atom is represented by Nc. We assume that Ge and Si atoms are randomly distributed in the liquid alloys and neighboring Ge and Si atoms around a central Ge atom are coordinated in proportion to 1 x and x, respectively. In this analysis the third shell is included for the liquid alloys because the first and second peaks in F´rµ are not separated well. The parameters of n3 and r3 denote the coordination number and the interatomic distance, respectively. As the third shell, we assume a Ge atom for x 0 5 and a Si atom for x 0 6. Since the asignment of the third shell is ambiguous, we do not discuss the results. To reduce parameters, we assume common Debye-Waller factor, , for the three shells and the constraint of the bond length, r2 0 98r1. The second assumption will be supported by the fact that the bond lengths of the crystalline alloys obtained by a curve fit analysis without the constraint almost keep the condition. ∆E01 and ∆E02 are fixed to be -13.07eV and 16.15eV, respectively. These are average values of the ones which were obtained from the curve-fitting without the constraint of ∆E0i for liquid alloys. The error of the optimized bond length is ¦0 02 A. The obtained parameters are listed in Table I .
The obtained bond length of l-Ge is about 0.2Å short compared with the peak position of the pair distribution function obtained from the neutron diffraction measurement by Salmon (1988) . The coordination number of about 1 from our EXAFS measurements is also much smaller than about 6 from the diffraction measurements. These facts may suggest that the analysis based on the Gaussian model is not proper. In practice, Filipponi and Di Cicco have succeeded in obtaining a reasonable results from their EXAFS spectra of l-Ge with their own method. However our analysis may give information on the covalent bonds in the liquid alloys. The results of ab initio molecular dynamics computer simulations of l-Si byStich et al (1991) , and l-Ge by Kresse and Hafner (1994) suggest the existence of covalent bonds.Stich et al show that the covalent bonds in l-Si almost always form between pairs separated by a distance amorphous, glass and liquids less than 2.5Å. Kresse and Hafner show that the percentage of nearest neighbors with 3-and 4-fold coordination is 12.4%. About 17% of atoms in l-Ge is estimated to have covalent bonds from the optimized coordination number of 1 when the average coordination number is assumed to be 6. This rough estimation seems consistent with the ratio of covalent bonds obtained from the simulation.
Table 1
Results of curve fitting for l-Ge 1 x Six. r Ge Si is fixed to be 0.98r Ge Ge and the error of r Ge Si is ¦0 02Å. As shown in Table I , the bonds become short with increasing temperature in x 0 4. The variation of the bond length in x 0 5 is little due to smaller temperature variation. Such EXAFS results inconsistent with the behavior of thermal expansion are discussed by Crozier and Seary (1980) in solid and liquid zinc with large anharmonicity. Our results can also be explained by increaing anharmonicity with increasing temperature. Figure 4 shows the obtained Ge-Ge (closed circles) and Ge-Si (closed squares) bond lengths of the liquid alloys shown in Fig.3 as a function of x. Open symbols denote the bond lengths of the crystalline alloys obtained from the curve fitting without the constraint of r2 0 98r1 and with x as a free parameter. For the crystalline alloys, the term of the third shell is deleted and ∆E01 and ∆E02 are fixed to be 6.73eV and 7.13eV, respectively. The defference in the electronic state between solid and liquid may reflect the different values of ∆E0i. The optimized x's in the crystals are consistent with the Si concentration within ¦0.03. As shown in the figure, the Ge-Ge and Ge-Si bonds of the crystalline alloys becomes slightly short with increasing x. The behavior of the Ge-Ge bond are consistent with the results by Aldrich et al (1994) . In addition, our results show that the Ge-Si bond becomes slightly short with increasing x. These concentration dependence are expected by the topological rigidity model for the crystalline alloys. On the other hand, it should be noticed that the bonds in the liquid alloys become long with increasing x and the variation is larger than that of the crystalline bonds. It is difficult to explain this result from the atomic level at the present stage, including the possibility that our model gives misleading results for the liquid alloys. However it may be correlated with the metallic behavior of the liquid alloy. A computer simulation such as ab initio molecular dynamics for liquid Ge-Si alloys will be helpful to understand the EXAFS results. 
Conclusion
We have carried out EXAFS measurements about Ge-K absorption edge for liquid Ge-Si alloys as well as the crystalline alloys. The observed EXAFS spectra are analyzed based on the Gaussian model. The concentration dependence of the Ge-Ge and Ge-Si bond lengths for the crystalline alloys is consistent with that predicted by the topological rigidity model. The bonds in the liquid alloys show the dependence defferent from the crystalline ones.
